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Abstract 
In these days, the application of using thermal energy of sunlight has become widely used in concentrated solar 
power generation systems (CSP). In CSP, property of the receiver directly contributes to the system efficiency of 
CSP. The solar selective absorber is used for the receiver to reduce energy loss of thermal radiation. To investigate 
the mass production technology of fabricating solar selective absorber that can be utilized in high temperature 
condition, we focused on transparent conductive oxides (TCO) thin film on metal substrate. TCO material has plasma 
wavelength in infrared region. Therefore the electromagnetic wave with shorter wavelength than plasma wavelength 
goes through the material, while the electromagnetic wave with longer wavelength is reflected on the surface. It is 
realized that TCO on metal substrate showed high performance as solar selective absorbers, i.e. high absorptance in 
visible light range and low emittance in infrared range by numerical simulations. The optical property of fabricated 
TCO coated metal is well consistent with the simulated property. Consequently, we attain high performance solar 
selective absorber of which solar absorptance is 0.71 and hemispherical total emittance is 0.11. The thermal stability 
is also confirmed at 600oC in vacuum for 3 hr. 
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1. Introduction 
One of the major ways of using solar thermal energy is concentrating solar power (CSP) generation 
systems, which have been built many plants in the U.S., Europa and China, recently. Typical CSP 
generating systems are composed of reflectors, a solar receiver, a thermal storage tank, a steam turbine 
and an electricity generator. In these days, CSP is used in approximately 550oC at the highest and the 
operating temperature is predicted to be higher as 800oC[1], since the efficiency of steam-turbine Rankine 
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cycle is improved by increasing system temperature. The solar receiver is one of the key components to 
enhance conversion efficiency of the system, since the energy loss due to thermal radiation is not 
negligible when it becomes high-temperature. To reduce thermal radiative losses, a solar selective 
absorber is utilized as a receiver material. There is obvious difference between spectrum range of solar 
irradiance and thermal radiation from the absorber as shown in Fig. 1. Therefore, for effective use of solar 
energy, the optical property required for solar selective absorber is to have high absorptance in visible 
range and low emittance in infrared rang. The selective absorber was first proposed by Tabor in 1955[2]. 
However, the major growth of the research on the selective absorber started in late 1970s after the oil 
crisis. Various kinds of the absorbers, which are applied (i) intrinsic property such as HfC and ReO3[3-5], 
(ii) metal-semiconductor tandem[5], (iii) multi-layer absorber such as Al2O3/Mo/Al2O3[6], (iv)textured 
surface[7-9], (v)metal-dielectric composite/cermets such as W-Al2O3 and Mo-SiO2 cermets[10, 11], have 
been studied in previous. However, as yet there are no commercialized solar selective absorbers that can 
be utilized at high-temperatures over 500oC[12]. At such high-temperatures, the material must display 
high thermal stability and rigorous spectral selectivity since the peak of the thermal radiation spectrum 
shifts toward shorter wavelengths. Recently, some absorbers consisted of multi-layered cermets based on 
transition metal nitride have been studied and confirmed its high-potential for the solar selective 
absorbers[13-17]. However, accuracy for film thickness and uniformity is required within several 
nanometers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In this research, we focus on a high-temperature solar selective absorber based on refractory metals 
with transparent conductive oxide (TCO) coating. Up to now, the concepts of using TCO for solar 
selective materials have been discussed by Fan et al[18] and Haitjema et al[19]. Fan is used indium tin 
oxide (ITO) coated glass coverplate as a heat mirror. By coating inside surface of the coverplate with ITO, 
solar radiation will still be transmitted to the absorber, but the infrared radiation emitted by the absorber 
will be reflected back to the absorber. However, this method is limited components setup and difficult for 
coating ITO to inner tubes such as using at trough type CSP systems. Moreover, the loss of absorbed solar 
radiation in near infrared range is not negligible. Haitjema was applied fluorine-doped tin dioxide films 
for black enamel substrate. However, thermal stability was shown only at 400oC in air and 250oC in 
vacuum because impurities such as sodium, potassium, and etc. were diffused from a substrate to the layer 
by pyrolysis. Since these difficulties in applying TCO for solar selective materials, this concept was not 
 
 
Fig. 1. Spectra of solar radiation and normalized emissive power from black body at 200oC, 400oC, and 800oC, respectively  
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gain popularity. However, this type of solar selective absorber seems to be still left a matter of research. In 
this regard, we try to investigate a solar selective absorber by TCO and metal substrate as a unit which can 
be applicable for the solar systems operated over 600oC. Tantalum (Ta) is used for substrate refractory 
metal and ITO is used for coating material, since the thermal expansion coefficient of Ta (6.310-6) and 
ITO (6.1510-6) [20, 21] is very close. 
 
2. Experiments 
 
2.1. Evaluation of optimal optical properties 
We use following formulae to evaluate performance of solar selective absorbers. Solar absorptance Ds 
which defined efficiency of solar energy absorption and hemispherical emittance Hhtwhich defined 
radiation energy loss rate. The solar absorptance Ds and the hemispherical total emittance Hht are defined 
as follows: 
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where 
WO: spectral transmittance of the absorber 
      UO: spectral reflectance of the absorber 
EsO: spectral solar irradiance 
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where 
EbO: spectral black body emissive power 
 
The figure of merit (FOM) K which defined performance of solar selective absorber is represented as 
follows: 
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2.2. Numerical simulation of optical property 
A numerical simulation of the optical properties for a model of a TCO-coated metal was conducted on 
the basis of rigorous coupled-wave analysis (RCWA) method[22]. Optical constant of ITO with plasma 
wavelength existed at 1.7 Pm is used for the simulation. Tantalum (Ta) was chosen for the metal substrate. 
The thickness of the ITO thin film was varied between 0 and 2.0 Pm, while the thickness of the Ta 
substrate was fixed at 10 Pm in this simulation to avoid electromagnetic waves passing through the Ta 
substrate. The incidence angle of the electromagnetic waves was defined as 0o. 
 Makoto Shimizu et al. /  Energy Procedia  57 ( 2014 )  418 – 426 421
2.3. Fabrication of ITO film 
ITO films are fabricated by radio-frequency magnetron sputtering (RF-sputtering) method. The merits 
of this method are high uniformity of film thickness and electric conductivity distribution. The conditions 
of fabrication are explained as follows; substrate temperature is 200oC and partial oxygen pressure is 0.67 
Pa. After the sputtering, the post annealing process is conducted for 1 hr in vacuum to crystallize the 
sputtered ITO film.  
Hemispherical spectral reflectance of the fabricated samples is measured with FTIR by using an IR 
spectrometer (Perkin-Elmer, Spectrum-GX) with an integrating sphere in the IR range. A UV/Vis/NIR 
spectrometer (Perkin-Elmer, Lambda 900) with an integrating sphere is used to measure the Vis and NIR 
ranges. The transmittance is measured with the same apparatus as in the reflectance measurement, and the 
absorptance is obtained by calculation using the measured transmittance and reflectance. 
 
3. Results and discussion 
 
3.1. Result of RCWA simulation 
The calculated absorptance spectrum of the ITO-coated Ta substrate is shown in Fig. 2, from which 
the absorptance shows high value only at shorter wavelength than plasma wavelength of the ITO. The 
calculation model is shown in the inset. The cutoff wavelength shifts toward longer wavelengths as the 
ITO coating thickness is increased up to 0.5 Pm, while the cutoff wavelength is not altered from 1.7 Pm, 
which is the plasma wavelength of the ITO thin film, when the coating thickness is greater than 0.5 Pm. 
In addition, the figure shows high absorptance around 1.5 Pm (near the cutoff wavelength). The high 
absorptance range becomes broader as the increase of ITO coating thickness.  
 
 
 
The calculated FOM in various ITO thicknesses is shown in Fig. 3. The FOM is basically improved as 
increase of the ITO thickness because the solar absorptance is enlarged. It means that the high value as 
0.8 might be obtained by fabricating ITO film as thick as possible. One of the merits of this method is that 
the precise control of the film thickness is not required. 
 
 
Fig. 2  Reflectance spectrum simulated by RCWA method for the model of ITO covered Ta. ITO film thickness is varied 
from 0 to 2 Pm. 
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3.2. Fabrication of ITO coated Ta absorbers 
Optical property of ITO film sputtered on glass substrate is shown in Fig. 4. Thickness of ITO film is 
750 nm and the prepared conditions are mentioned above. As shown in this figure, the plasma wavelength 
of the ITO thin films was 1.7 Pm, as expected. The fabricated ITO film shows sharp cutoff property and 
high transmittance in Vis and NIR range. 
 
 
 
By coating this ITO film on Ta substrate, the clear spectrally selective property is appeared. Color of the 
sample surface is turn to dark by coating 750 nm thick ITO film as shown in Fig. 5. The reflectance 
spectrum of ITO coated Ta is shown in Fig. 6. The solar absorptance Ds, the hemispherical total emittance 
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Fig. 4. Optical properties of the fabricated 750 nm thick ITO thin film on a glass substrate. 
 
 
Fig. 3. Result of the performance evaluation using simulated optical property of various ITO film thicknesses for 
concentration ratio C= 100 and at temperature T= 600oC. 
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Hht at 600oC and the FOM at 600oC are 0.71, 0.11 and 0.67, respectively, calculated from the optical 
property measured at ambient temperature. The reflectance property is appeared as similar as simulated 
result, though the cutoff wavelength is shifted to short wavelength range. This phenomenon is caused by 
increase of oxygen vacancy in the ITO film under vacuum condition. Since carrier concentration is 
increased as increasing of oxygen vacancy, plasma wavelength is shifted to short wavelength range as 
indicated by following equation. 
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where Op is plasma wavelength, c0 is speed of light, H is permittivity, m* is effective mass, n is carrier 
density, and q is charge of carrier. 
 
 
 
 
 
 
To apply high temperature condition, we evaluated thermal stability of the ITO coated Ta at 600oC for 
3 hr in vacuum. The reflectance spectrum of the sample after annealing is not altered from that of the 
sample before annealing as shown in Fig. 6. Therefore, it is realized that the thermal stability at 600 oC in 
vacuum is verified. We also measured the emittance spectrum in wavelength range from 1.3 Pm to 8 Pm 
 
 
Fig. 6. Results of measured reflectance spectra are shown. The black dashed line and the black solid line indicate Ta 
substrate (FOM=0.34)  and Ta with 750 nm thick ITO thin film (FOM=0.67), respectively. Reflectance of the ITO 
coated Ta annealed at 600oC for 3h in vacuum is shown by blue solid line. 
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Fig. 5  Pictures of fabricated samples. The left one is Ta sputtered on glass substrate, and right one is Ta with 750 nm thick 
ITO thin film. 
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at 600oC. In the FOM calculation used high-temperature property, the property in short wavelength range 
below 1.3 Pm is applied ambient temperature property, because the optical constants are not changed 
much in this range. The FOM is calculated as 0.65 which is almost not changed from the value calculated 
from ambient temperature as 0.67. 
 
3.3. Control of cutoff wavelength 
The position of the cutoff wavelength is important for determining the performance of solar selective 
absorbers. For selective absorbers prepared from TCO-coated metals, it is regarded the cutoff wavelength 
is related to the plasma wavelength of the TCO film. Therefore, the cutoff wavelength can be adjusted by 
controlling the plasma wavelength of the TCO. Figure 7 shows the relation between FOM K and cutoff 
wavelength expressed using plasma wavelength by following equation. The result indicated by black solid 
line with circle symbols is calculated using assumed spectrum which has low reflectance of 0.1 in shorter 
wavelength range than the plasma wavelength and high reflectance of 0.9 in longer wavelength range. 
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The experimental results shown by red square symbols are almost equal to the calculated result. Thus, the 
fabricated sample would be improved its performance by tuning cutoff wavelength to long wavelength 
range.  As shown by dashed line in Fig. 7, the cutoff wavelength can be shifted to long wavelength range 
by decreasing carrier concentration. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
We control the carrier concentration by Sn dopant concentration in ITO film. The reflectance spectra of 
ITO film with different Sn concentration deposited on glass substrate are shown in Fig. 7. The cutoff 
wavelength of Sn 15 wt% ITO is longer than that of Sn 5 wt% ITO film. This means number of effective 
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Fig. 7. FOMs (at 600oC,  C=100) of the assumed spectra with various cutoff wavelength ranges which have low reflectance 
at smaller wavelength range and high reflectance at longer wavelength range are indicated by black solid line with 
circle symbols. The square red dots show FOMs of fabricated samples. The black dashed line shows correlation 
between carrier concentration and Omin obtained from eq, (4) and (5).  
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carrier in ITO with Sn 5 wt% is larger than that of 15 wt% one. This result indicated that the performance 
of ITO coated Ta solar selective absorber would be improved by controlling Sn dopant concentration. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4. Conclusion 
 
In summary, the solar selective absorber based on TCO coated refractory metal which can be used in 
high temperature is studied. TCO film has high spectral selectivity derived by plasma wavelength, though 
it has not gained popularity as a solar absorber in previous. To confirm the viability of the solar selective 
absorber with TCO thin film, the performance was investigated by means of a numerical simulation based 
on RCWA method. The simulation revealed that the absorptance is increased in short wavelength range 
by coating ITO on Ta substrate, though the absorptance remains low in long wavelength range. It was also 
realized the absorptance in short wavelengths become increasingly pronounced as the ITO thickness 
increases. The ITO coated Ta was prepared by RF-sputtering. The fabricated sample shows expected 
optical property. The thermal stability at 600oC was confirmed by heating in vacuum for 3 hr. The FOM 
calculated for fabricated sample shows 0.70. This value was not so high, but higher FOM would be 
obtained by controlling the cutoff wavelength of ITO to longer wavelength range by Sn dopant 
concentration. 
From this study, it was verified the availability of TCO for the solar selective absorbers which could be 
used at high-temperature. Therefore, this technology will be largely contributed to improve energy 
efficiency of solar energy systems which is operated in high-temperature. 
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